KIDNEY FIBROSIS is the end result for virtually every type of chronic kidney disease (CKD). Fibrosis is the result of healing response that follows tissue inflammation. Tissue inflammation may be the result of simple wounding or chronic inflammation, which, in the case of the kidney, leads to scarring. Kidney fibrosis consists of glomerular, vascular sclerosis, and tubulointerstitial fibrosis. The histological picture of tubulointerstitial fibrosis is characterized by tubular atrophy, tubular dilatation, interstitial leukocyte infiltration, fibroblast accumulation, vascular rarefaction, and continuous deposition of matrix proteins (66) . Although substantial progress has been made in our understanding of the processes that lead to fibrosis, a viable therapy is still not available. Multiple laboratories have identified multiple effectors that, after an injury, can contribute to the process of fibrosis. These include tubular epithelial cells, endothelial cells, leukocytes, and, more recently, pericytes (27, 39, 47, 48, 84, 87, 89, 90) . Injured tubular cells secrete cytokines and chemokines.
Chemokines are a family of small secreted proteins that induce a chemotactic response in cells expressing the appropriate chemokine receptor. Chemokine receptors were first identified on leukocytes, but we now know that nonhematopoietic cells too express various chemokine receptors (49) . Chemokine receptors are seven-transmembrane domain G protein-coupled cell surface receptors. The interaction between a chemokine and its receptor(s) not only coordinates trafficking of immune cells to specific tissue location but may also play an important role in pathological conditions such as metastasis in certain cancers. Chemokine receptors are designated as chemokine (C-X-C motif) receptor (CXCR)1 to CXCR5, chemokine (C-C motif) receptor (CCR)1 to CCR11, and chemokine (C-X3-C motif) receptor 1. In the present study, we determined the role of CXCR4 in kidney fibrosis.
Cxcr4 is ubiquitously expressed and has a single known ligand, stromal cell-derived factor (Sdf)-1␣, which is also known as chemokine (C-X-C motif) ligand 12 (67) . Cxcr4 is highly expressed in the embryonic kidney, but expression is significantly low in the adult kidney (68, 76) . We have previously demonstrated the importance of Cxcr4 signaling in normal branching morphogenesis of the ureteric bud during early kidney development (76) . After injury (such as ischemic injury), in mice, the tubular expression of Cxcr4 is transiently upregulated, perhaps as a reparative signal (72) . Intense Cxcr4 staining is also observed in distal and proximal tubules of immunostained human biopsies of IgA nephropathy, minimalchange nephrotic syndrome, focal segmental glomerulosclerosis, chronic pyelonephritis, and acute tubular necrosis. In addtion, varying degrees of CD45 ϩ Cxcr4 ϩ infiltrates are seen in these biopsies, which also correlated with intense staining for Sdf-1␣ (50) . Thus, there seems to be an association between high Cxcr4 expression and kidney disease.
In certain cancers, chronic high Cxcr4 expression induces mesenchymal-like characteristics in epithelial cells by activating matrix metalloproteinase-2 and -9 (16, 81) , which affect matrix remodeling.
Chronic inflammation in the kidney creates a milieu for maintaining high Cxcr4 expression. One such stimulus is localized hypoxia (due to vascular rarefaction), which stimulates the expression of transcription factors like hypoxia-inducible factor-1␣ and Foxc1/2, in addition to the cytokine trans-forming growth factor (TGF)-␤ 1 , all of which are known to stimulate Cxcr4 mRNA expression (6, 8, 15, 36, 56, 72) . Upon binding to Sdf-1, CXCR4 initiates an intracellular signaling cascade resulting in cell type-and context-specific responses (8, 76) . We have previously reported that Cxcr4 activates MAPK1/2, phosphatidylinositol 3-kinase (PI3K), and PKC signaling in tubular epithelial cells (76) . It also activates STAT-and NF-B-dependent signaling pathways in other cell types (28, 34, 43, 51, 70) . The transcriptional targets downstream of Cxcr4 signaling are not fully known. However, a recent study (1) determined the transcription factor profiles of Cxcr4-high and Cxcr4-low subpopulations of MDA-MB-231 cells, a breast cancer cell line. The authors determined that high CXCR4 expression led to differential expression of ϳ200 genes (1) .
A prominent feature in biopsy specimens of CKD patients is that of significant macrophage infiltration, which correlates directly with interstitial fibrosis and inversely with prognosis (24, 25, 86) . Macrophage ablation in mice attenuates fibrosis and restores tubular health (23, 40) . However, macrophages can switch between proinflammatory and anti-inflammatory (prorepair/profibrotic) phenotypes depending on the local microenvironment. Proinflammatory phenotypes are characterized by the secretion of IL-1␤, IL-12, and TNF-␣, whereas exposure to IL-4 induces a profibrotic program characterized by expression of scavenger receptors [macrophage scavenger receptor (Msr)1], mannose receptor C type 1 (Mrc1), and expression of profibrotic mediators such as arginase-1 (in mice) and Fizz-1 (in mice and humans), among others. Interestingly, profibrotic M2 macrophages express 16-fold greater Cxcr4 mRNA levels in human peripheral blood-derived macrophages (53) . Its significance is not known. Increased Cxcr4 expression is observed in leukocytes from multiple murine models of lupus nephritis, where heightened Toll-like receptor and cytokine signaling accounted for part of this increased expression. Treatment of these mice with a peptide antagonist of Cxcr4 ameliorated leukocyte trafficking and end-organ disease in these models (79) . We thus hypothesized that the milieu in a chronically injured kidney would induce sustained Cxcr4 expression in multiple cell types. Sustained high Cxcr4 expression (on tubules or immune cells, such as macrophages), in turn, will exacerbate renal injury and thereby promote fibrosis. Therefore, interrupting this pathway should ameliorate fibrosis by acting upon multiple effector cells, such as tubular and infiltrating lymphoid cells. We tested this hypothesis in the mouse unilateral ureteral obstruction (UUO) model of renal fibrosis.
In the present study, we demonstrate that Cxcr4 expression in the kidney was upregulated in tubular and infiltrating immune cells after UUO. Mice administered the CXCR4 antagonist AMD-3100 (AMD) had partial protection from UUOinduced fibrosis and a modest but significant reduction in macrophage infiltration. Mice lacking Cxcr4, specifically in the nephron, developed significantly less fibrosis upon ureteral ligation. Ablation of Cxcr4 selectively in macrophages significantly blunted UUO-induced fibrosis. Interruption of the Cxcr4 pathway positively upregulated bone morphogenetic protein 7 (Bmp7) while negatively modulating TGF-␤1 expression. The data suggest that chronic kidney injury results in sustained high levels of Cxcr4 in multiple effector cells that can contribute to the progression of fibrosis. Identifying downstream effectors of this pathway could provide new therapeutic targets for treating kidney fibrosis.
MATERIALS AND METHODS

Animal Models
All experiments involving animals were performed as per approved guidelines of the Institutional Animal Care and Use Committee of Yale University. Bmp7-Cre mice (a gift from Dr. Oxburgh, Maine Medical Center Research Institute) and LysM-Cre mice (JAX Labs) were bred with Cxcr4 fl/fl mice (a gift from Dr. Miller, Northwestern University, Chicago, IL). All mice were on the C57Bl/6 background.
UUO
Cxcr4
fl/fl , Bmp7-Cre;Cxcr4 fl/fl , and LysM-Cre;Cxcr4 fl/fl mice (male, age: 6 -8 wk old) were anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine (20 mg/kg) followed by subcutaneous injection of an analgesic (0.05 mg/kg buprenorphine) before incision. A lateral flank incision was made, and the left ureter was double ligated using 3-0 silk. For treatment with the Cxcr4 antagonist AMD, 5 mice/group were distributed into the following three treatment groups: saline (vehicle), AMD (5 mg/kg labeled as AMD5 group), and AMD (10 mg/kg labeled as AMD10 group). AMD or saline was injected subcutaneously every 12 h. Mice were euthanized between days 6 and 12 after ureter ligation. Mice were perfused with saline, and kidneys were dissected out for the following analyses.
Histology and Immunostaining
Kidneys were processed for hematoxylin and eosin staining and Masson's trichrome staining by the Histopathology Core at Yale School of Medicine. Cxcr4 immunostaining was performed using anti-Cxcr4 antibody (clone 2B11, eBiosciences, at 1:50 dilution overnight) and the appropriate secondary antibody at 1:200 dilution using standard immunohistochemistry procedures. Collagen type I (Col1) antibody was a kind gift from Dr. Joseph Madri (Yale School of Medicine). Staining was analyzed using a Nikon Eclipse TE2000-U microscope, and images taken with a ϫ4 -40 objective and processed in Adobe Photoshop CS. A renal pathologist (G. Moeckel) masked to the identity of the animal scored each kidney specimen for fibrosis using recently described protocol. Respective kidney sections were scored for tubular injury by a blinded renal pathologist. Scoring was carried out by calculating the percentage of tubules in the cortex that displayed cell necrosis, loss of the brush border, and a dilated lumen as follows: 0 ϭ none, 1 ϭ 10%, 2: 11-25%, 3 ϭ 26 -45%, 4 ϭ 46 -75%, and 5 ϭ 75-100%. Ten randomly chosen fields were examined for each slide (13, 55) .
FACS analysis. Kidneys were dissected, minced, and collected in 400 l Liberase (catalog no. 05-401-119-001, Roche Diagnostics) containing DNAse-I (Sigma-Aldrich, St. Louis, MO). Kidneys were digested for 60 min at 37°C in an orbital shaker. The digest was then passed through an 18-gauge needle onto a 40-m membrane filter to make a single cell suspension. Cells were suspended with staining buffer (1% FBS in PBS) and stained with the following antibodies: anti-Cxcr4-conjugated AF647 (catalog no. 51-9991-80, eBiosciences), isotype control (catalog no. 557690, BD Biosciences, San Jose, CA), anti-F4/80 (FITC conjugated, catalog no. 11-4801-82, eBiosciences), anti-CD45 (PERCP conjugated, catalog no. 557235, BD Biosciences), and anti-lymphocyte antigen (Ly)6C, anti-CD3, anti-Gr1, and anti-Cd11C (BD Biosciences). Cells were analyzed using a LSRII analyzer (BD Biosciences), and data were analyzed using FloJo software (Tree Star, OR). Cells were sorted using Beckman Coulter MoFlo (Brea, CA).
Immunoblot analysis. Whole kidney lysates were prepared by homogenization in ice-cold Pierce IP lysis buffer containing Halt protease and phosphatase inhibitor cocktail (Thermo Fisher scientific, Rockford, IL). Lysates were centrifuged (14,000 g for 20 min at 4°C), and the supernatant was collected. Protein concentration was determined using a Bradford assay. Equal amounts of protein were subjected to SDS-PAGE analysis on precast polyacrylamide 4 -15% gradient gels (Bio-Rad) and transferred to polyvinylidene difluoride membranes (Millipore). Membranes were blocked in 5% milk with Tris-buffered saline-Tween and incubated overnight at 4°C with the following primary antibodies: Cxcr4 (BD Biosciences), ␣-smooth muscle actin (␣-SMA), fibroblast-specific protein-1 (Fsp1), vimentin, E-cadherin, GAPDH, ␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated (p)Smad2/pSmad3 (D27F4, Cell Signaling, Danvers, MA), and TGF-␤1 (R&D Systems, Minneapolis, MN).
mRNA analysis. After surgical removal and homogenization of the kidneys, RNA was isolated using RNA-STAT60 (Tel-Test, Friendswood, TX) or RNAeasy mini kit (Qiagen, Germantown, MD), and 1 g was subsequently transcribed into cDNA using Iscript (Bio-Rad). A 1:10 dilution of this cDNA was used for quantitative real-time PCR analysis using iTaq Universal SYBR Green Supermix (Bio-Rad). Primers for each analysis were optimized beforehand. A Bio-Rad CFX-96 Real-Time PCR machine was used to carry out the reaction and analysis of cycle time (C t) values. The respective Ct values were normalized to hypoxanthine phosphoribosyltransferase 1, and values from all experimental groups were expressed as relative to the uninjured kidney or vehicle control for in vitro experiments. Primers for Cxcr4, Sdf-1␣, Col1a, and collagen type III (Col3)a were purchased from SA Biosciences (Valencia, CA). The primer sequences for the rest of the genes are shown in Table 1 .
Bone Marrow Macrophage Isolation and Culture
Six-week-old C57BL/6 mice were euthanized by injection of a lethal dose of ketamine and xylazine. Femurs and tibias were collected, and the marrow was flushed from each bone into a Falcon tube using a 25-gauge needle and 12-ml syringe filled with ␣-MEM. The marrow was homogenized and passed through a 40-m cell strainer before centrifugation at 12,000 rpm for 10 min. The supernatant was discarded, and the pellet was suspended in 3 ml of 1ϫ cell lysis buffer for 2 min, after which 27 ml ␣-MEM was added. The mixture was then centrifuged at 12,000 rpm for another 10 min. Cells were suspended and plated at 1 ϫ 10 6 cells/ml in ␣-MEM containing 10% L929, 10% FBS, 1% glutamine, and 1% vitamins and cultured at 37°C and 5% CO 2. The supernatant was removed from the dishes after 18 h, and cells were replated at the same concentration in new medium. Seventy-two hours later, 5 ml ␣-MEM containing 30% L929, 10% FBS, 1% glutamine, and 1% vitamins was added to each dish. For determining signaling or changes in gene expression after stimulation with Sdf-1, cells were switched to ␣-MEM ϩ ITS (Sigma). Cells were stimulated with Sdf-1 or vehicle (PBS) for the times mentioned in the figures.
Isolation and FACS Sorting of Kidney Macrophages and Tubular Cells
Macrophages were isolated from uninjured and UUO kidney single cell suspensions at the defined time points, as previously described by our laboratory (41) . Cells stained for macrophage markers were sorted by a Beckman Coulter MoFlo. Total RNA was isolated and processed to determine gene expression by quantitative real-time PCR. To sort tubular cells, the kidney cell suspension was labeled with collecting duct-and proximal tubule-specific lectins (Dolichos biflorus agglutinin and Lotus tetragonolobus, respectively, 1:50 dilution, Vector Laboratories, Burlingame, CA) and FACS sorted. The two fractions were pooled together for expression experiments.
Transduction of Cxcr4
Retroviral transduction of human kidney proximal tubule cells (HKC2 cells) with human Cxcr4 was performed as previously described (5). Quantitative RT-PCR, Western blot analysis, and FACS were used to confirm the overexpression of Cxcr4. Cells from three separate transductions were pooled together to avoid any clonal effects and variations.
Statistical Analysis
A two-tailed t-test and one-way ANOVA were used to compare data between groups using Prism 5.0 (GraphPad Software, La Jolla, CA). Significance was determined at P Ͻ 0.05. Data are presented as means Ϯ SE.
RESULTS
The Total Cxcr4 Content of the Kidney Increases After UUO
Total Cxcr4 mRNA and protein content of the kidneys were measured on days 3, 9, and 12 of UUO and compared with those of uninjured kidneys. As hypothesized, a gradual and significant increase in Cxcr4 content was observed after UUO. Compared with uninjured kidneys, day 12 UUO kidneys had an ϳ70-fold increase in total Cxcr4 mRNA content (n ϭ 5; Fig. 1A ). This correlated with a corresponding increase in Cxcr4 protein content, as shown in a representative immunoblot ( Fig. 1B ) and quantified from a total of 4 mice/time point (Fig. 1C) . Consistent with the reported increase in chemotactic Cxcr4 ligand Sdf-1␣ after renal ischemic (73), we observed a significant increase in Sdf-1␣ mRNA content in UUO kidneys by day 9 (Fig. 1I ).
Tubular and Immune Cells Contribute to the Increased Cxcr4 Content Observed in UUO Kidneys
To determine the source of increased Cxcr4 mRNA expression, we performed immunohistochemistry and FACS sorted proximal tubule cells, collecting duct cells, and the CD45 ϩ myeloid cell population from uninjured and day 6 UUO kidneys. Cxcr4 expression in an adult healthy kidney is known to be low (50, 68, 76) , which was confirmed by immunohistochemistry of the uninjured kidney (Fig. 1, D and E) . After UUO, a generalized but significant increase in Cxcr4 staining was observed in the renal parenchyma. Furthermore, mRNA analysis of FACS-sorted tubular cells from day 6 UUO kidneys revealed an ϳ10-fold increase in Cxcr4 mRNA compared with cells from uninjured kidneys (Fig. 1F) .
Using FACS analysis, we also detected a progressive accumulation of Cxcr4 ϩ CD45 ϩ cells in obstructed kidneys from days 3 to 12 of UUO (Fig. 1G) . This is in agreement with what has been previously reported after ischemia-reperfusion and at the sites of tissue inflammation (3, 73, 83) . Further analysis of this Cxcr4 ϩ CD45 ϩ cell population revealed that by day 9 of UUO, 40% were F4/80 ϩ Cd11c lo macrophages, ϳ20% were Gr1 ϩ (immature monocytes and/or granulocytes), and ϳ1% were CD3 ϩ T cells (Fig. 1G,i-iii) . Interestingly, similar to tubular cells, the Cxcr4 mRNA content of F4/80 ϩ Cd11c lo cells too increased gradually from days 3 to 9 of UUO. Taken together, these data suggest that the total increase in Cxcr4 content observed after UUO results from the increased expression of Cxcr4 on tubular cells and macrophages and the accumulation of Cxcr4 ϩ immune cells in the interstitium of the injured kidney.
Cxcr4 Antagonist AMD Blunts the UUO-Induced Fibrotic Response
Having found that Cxcr4 expression is increased after UUO, we next tested whether this increase had any pathological consequence vis-à-vis fibrosis. We took the advantage of the Federal Drug Administration-approved pharmacological inhibitor of Cxcr4, AMD (18) . Mice that underwent UUO were administered either vehicle (PBS) or AMD at 5 mg·kg Ϫ1 ·day Ϫ1 (AMD5 group) or 10 mg·kg Ϫ1 ·day Ϫ1 (AMD10 group) from the time of UUO until the day before euthanization. [Of note, mice can tolerate up to a 30 mg/kg dose of AMD (18) .] Mice were euthanized on day 12 after UUO, and kidneys analyzed for matrix deposition (Masson's trichrome stain) and gene expression of classic indicators of fibrosis. Figure 2A shows representative Masson's trichrome staining from the respective study groups. Mice that had received 5 mg/kg AMD did not achieve a statistically significant decrease in fibrosis score, although they trended toward a lower score. In contrast, the AMD10 group had a significantly lower fibrosis score (ϳ45%) compared with the vehicle-treated group (Fig. 2, A and B) . In 
addition, the AMD10 group had a lower tubular injury score, as shown by the bar graph in Fig. 2C . Tubular injury leading to tubular cell death has been shown to directly correlate with the progression of fibrosis (20) .
Cxcr4 Antagonist Blunts the Increase in Classic Indicators of Fibrosis
In agreement with the Masson's trichrome stain data, significantly smaller increases in Col1a1, Col3a1, and collagen type IV (Col4)a1 mRNA were observed in mice administered AMD. No change in fibronectin was observed. AMD significantly blunted the increase in gene expression of Fsp1, ␣-SMA, TNF-␣, connective tissue growth factor (CTGF), and TGF-␤ 1 . Interestingly, AMD significantly rescued Bmp7 expression that was suppressed by UUO. Bmp7 protects against fibrosis, likely by antagonizing TGF-␤ 1 -dependent fibrotic signals and by helping maintain a differentiation state of epithelial tubules (37, 57, 61, 74, 82, 85, 90) .
AMD Treatment Blunts Downstream Effects of TGF-␤ 1 Signaling and Fibroblast Activation
Complimenting the decrease in TGF-␤ 1 mRNA was the partial inhibition of TGF-␤ 1 -mediated downstream signaling, as demonstrated by the reduced phosphorylation of Smad2/3 shown in the representative immunoblot in Fig. 3A , where each lane represents an individual mouse. Quantification of the immunoblot is shown in Fig. 3B . Interestingly, a significant reduction in TGF-␤1 protein content was observed only in AMD10 group, as shown in a representative immunoblot in Fig. 3C with the pooled data quantified in Fig. 3D . Similar to decreased gene expression, significantly less Col1 staining was observed in the AMD10 group, as shown in representative immunostained kidney sections from each group (Fig. 3E) . Consistent with decreased Fsp1 and ␣-SMA mRNA content observed in AMD-treated groups, fewer ␣-SMApositive cells were observed in the AMD10 group, shown in representative immunostained kidney sections from vehicletreated and AMD10 groups (Fig. 3J) . 
AMD Modestly Inhibits Macrophage Infiltration but Affects Their Activation
Despite an increase in Cxcr4 expression per macrophage (Fig.  1H ) and a significant increase in the ligand Sdf-1␣, the infiltration of F4/80 ϩ Cxcr4 ϩ myeloid cells after UUO was only partially blunted by the administration of 10 mg/kg AMD (ϳ26% decrease on day 6 after UUO, n ϭ 8; Fig. 3F ). This suggests that macrophage homing to the obstructed kidney is only partially dependent on Sdf-1-Cxcr4 signaling. However, this could be explained by only a modest decrease in monocyte chemotactic protein-1 mRNA of tubular cells from AMD-treated mice. In comparison, a significant decrease in platelet-derived growth factor (PDGF)-␣ and TGF-␤ 1 mRNA was observed in FACS-sorted tubular cells from kidneys of AMD-treated mice (Fig. 3G) .
Does Cxcr4 Expression on Macrophages Influence Their Anti-and/or Proinflammatory Characteristics?
Monocytes infiltrate the injured kidney as a F4/80 (Fig. 3H ), supporting our notion that the Cxcr4 ϩ subset of macrophages may be profibrotic. To assess this, we analyzed whole kidney mRNA for pro-and anti-inflammatory markers of macrophages. After UUO, there was a severalfold increase in both proinflammatory genes (inducible nitric oxide synthase and IL-1␤) as well as markers of alternative macrophage activation that are associated with fibrosis (argninase-1, Mrc1, and Msr1; Fig. 3I ). However, AMD attenuated both anti-and proinflammatory markers of macrophage activation. This suggests that Cxcr4 signaling may not be specific to the profibrotic macrophage response. However, this requires further investigation.
Overexpression of Cxcr4 in Proximal Tubule Cells Leads to Their Spontaneous Partial Dedifferentiation
To assess the impact of increased Cxcr4 expression on tubular epithelial cells, we overexpressed Cxcr4 in human RT-PCR was performed to determine total mRNA levels of classic markers of fibrosis (D). The increase in transforming growth factor (TGF)-␤1 mRNA was significantly blunted by 10 mg/kg AMD, which inversely correlated with bone morphogenetic protein 7 (Bmp7) mRNA expression. Col1a1, collagen type IA1; Col4a1, collagen type IVA1; Col3a1, collagen type IIIA1; Fn, fibronectin; ␣-SMA, ␣-smooth muscle actin; Fsp1, fibroblast-specific protein-1; Ctgf, connective tissue growth factor. n ϭ 5. *P Ͻ 0.05. (Fig. 4, A and B) . Overexpression of Cxcr4 in HKC cells led to the spontaneous loss of E-cadherin and an increase in Fsp1 expression without affecting a typical mesenchymal marker, vimentin ( Fig. 4C ; quantitated in Fig. 4D ), suggesting that, indeed, a partial epithelial dedifferentiation can occur in the presence of excessive Cxcr4 content. This is in agreement with previously published reports (69, 75) demonstrating that higher Cxcr4 expression in tumor cells can lead to epitheliato-mesenchymal-like changes. Similar to these in vitro findings, when UUO kidneys were immunostained for E-cadherin, a partial and mosaic pattern of loss of E-cadherin was observed in some of the tubules. This partial loss of E-cadherin was prevented by AMD treatment (Fig. 4F) . Consistent with the in vivo results, overexpression of Cxcr4 in HKC cells caused a spontaneous loss of Bmp7 gene expression (Fig. 4E) .
proximal tubule cells (HKC cells). Overexpression was confirmed by quantitative RT-PCR and protein analysis of the cell lysates
Taken together, increased total Cxcr4 expression in UUO kidneys correlated with a worse fibrotic response that was blunted by Cxcr4 antagonist. These data also indicate that increased Cxcr4 expression in the injured kidney promotes tubular TGF-␤ 1 while suppressing Bmp7 gene expression, suggesting a novel pathway of cross-talk between Cxcr4 and TGF-␤ signaling vis-à-vis fibrosis, which requires further studies.
Nephron-Specific Ablation of Cxcr4 Partially Protects Against UUO-Induced Fibrosis
We generated kidney-specific Cxcr4 knockout mice by mating Bmp7
Cre/ϩ mice with Cxcr4 f/fl mice. Bmp7 Cre/ϩ labels the entire developing nephron from the renal vesicle stage onward (59) . Bmp7-Cre has been previously used for targeted deletion of Smad4 and c-Myc in the nephron (17, 59) . Normal uninjured kidneys from 6-to 8-wk old Bmp7-Cre/ϩ;Cxcr4 f/fl mice [hereafter denoted as tubule knockout (TKO) mice] had an ϳ80% reduction in total Cxcr4 mRNA content at baseline (Fig. 5B) . These mice develop normally, and their kidneys appear normal on gross examination. When subjected to UUO, these mice were significantly protected from UUO-induced fibrosis. Representative Masson's trichrome staining is shown in Fig. 5A , and fibrosis scores averaged from five individual mice are shown in Fig. 5C . On average, ϳ40% less fibrosis was ob- control kidneys. This correlated with significantly lower total kidney mRNA levels of Col1a1, Col3a1, Col4a1, ␣-SMA, Fsp1, and Cxcr4 (Fig. 5D ). Complimenting the reduced fibrosis was a significantly muted expression of pro-and anti-inflammatory markers in UUO TKO kidneys, as indicated by lower mRNA levels of IL-1␤, TNF-␣, IL-6, and IL-10 (Fig. 5E) . Interestingly, tubular cells FACS sorted from UUO TKO kidneys had significantly lower PDGF-␣ and TGF-␤ 1 expression and partially protected Bmp7 expression. The decreased fibroblast activation, as suggested by reduced ␣-SMA gene expression, was confirmed by reduced ␣-SMA protein levels in UUO TKO kidneys, as shown in the representative immunoblot in Fig. 5H . The bar graph in Fig. 5 shows data pooled from 4 individual mice/group. Furthermore, a significant decrease in TGF-␤ 1 protein expression was observed in UUO TKO kidneys, as shown by the representative Western blot in Fig. 5I . These data are consistent with the findings from AMD treatment in vivo and in vitro Cxcr4 overexpression experiments described above.
Selective Ablation of Cxcr4 in Macrophages Partially Protects Against Fibrosis
To specifically assess the role of macrophage Cxcr4 signaling in the UUO-induced fibrotic response, Cxcr4 was selec- (Fig. 6B) . mRNA analysis of whole kidneys revealed significantly decreased expression of TGF-␤ 1 and markers of fibrosis, including Fsp1, ␣-SMA, TNF-␣, Col1a1, and Col3a1 (Fig. 6E ). This decrease in total TGF-␤ 1 mRNA translated into a significant attenuation of its downstream signaling, as demonstrated by highly diminished pSmad2/3 phosphorylation in whole kidney lysates shown in the representative immunoblot in Fig. 6F (and quantified in the bar graph). Similar to the results seen with AMD treatment, FACS analysis of single cell suspensions from wild-type and KO[⌽] kidneys with UUO revealed that the lack of Cxcr4 led to ϳ28% fewer macrophages infiltrating into UUO kidneys (n ϭ 4; Fig. 6D ). Knowing that Cxcr4 is important for homing of bone marrow-derived cells in the marrow, we examined whether KO[⌽] mice had increased numbers of circulating representative Western blot confirming protein overexpression. C: cells were serum starved for 4 h and stimulated with vehicle or 200 ng/ml Sdf-1␣ for 24 h (S24) or 48 h (S48). Equal amounts of protein lysate were immunoblotted for E-cadherin, Fsp1, ␣-SMA, and vimentin. D: representative blot and densitometry from four separate experiments. In vivo after UUO, there was a sporadic loss of E-cadherin, which was prevented by AMD administration. E: overexpression of Cxcr4 led to a spontaneous loss of Bmp7 mRNA. F: representative pictures of immunofluorescent staining for E-cadherin (green) in kidneys from uninjured mice and from two individual mice treated with either vehicle or 10 mg·kg Ϫ1 ·day Ϫ1 AMD for 9 days after UUO. Magnification: ϫ20 (uninjured group) and ϫ100 for treated groups.
monocytes. Peripheral blood samples analyzed at baseline from wild-type or KO[⌽] mice did not show a statistically significant difference in the number of circulating monocytes between the two groups (data not shown).
Lack of Cxcr4 Suppresses Macrophage Activation
Macrophages (Cd45 ϩ F4/80 ϩ Cd11c Ϫ ) were FACS sorted from uninjured and UUO kidneys of wild-type and KO[⌽] mice, and mRNA expression of anti-and proinflammatory markers were analyzed. Figure 6 , G and H, shows data averaged from four individual mice. Similar to AMD treatment, loss of Cxcr4 on macrophages significantly prevented the induction of Msr1 and Mrc1 but only modestly affected arginase-1 (Fig. 6H) . We also observed a modest decrease in proinflammatory markers, such as IL-1␤, IL-6, and TNF-␣. This suggests that Cxcr4 signaling in macrophages is required for both proinflammatory and profibrotic gene expression. Taken together, these data suggest that increased Cxcr4 expression in macrophages partly supports their trafficking to the injured kidney and their activation state. However, more detailed studies need to be carried out to further elucidate the role of Cxcr4 vis-à-vis alternative macrophage activation.
The total kidney decrease in TGF-␤ 1 in UUO kidneys from KO[⌽] mice correlated with a significant decrease in ␣-SMA expression, suggesting blunted myofibroblast activation. Figure 7A shows a representative immunoblot and quantitative analysis in the bar graph. To determine the source of increased Cxcr4 observed in UUO kidneys in a definitive manner, we immunoblotted whole kidney lysates from UUO kidneys from TKO and KO[⌽] mice. As seen in the representative immunoblot and bar graph (Fig. 7B) , the tubular contribution to increased Cxcr4 was greater than that of macrophages. However, it was apparent that even macrophage Cxcr4 signaling contributes toward overall Bmp7 expression, whereas it had no impact on PDGF-␣ mRNA expression (Fig.  7, C and D) . Finally, we determined whether or not Cxcr4 signaling in macrophages activates known transcriptional signaling cascades that might influence their classic or alternate activation. Bone marrow-derived macrophages were stimulated with Sdf-1␣, and lysates were immunoblotted for phosphorylated STAT3, STAT5, and p65. The representative immunoblots shown in Fig. 8 demonstrate that, indeed, multiple pathways were activated in macrophages by Cxcr4 stimulation. Further studies are required to determine which of these path- ways might be relevant to the macrophage Cxcr4-mediated fibrotic response.
Taken together, we demonstrate that pathological Cxcr4 expression can contribute to kidney fibrosis via multiple effectors. Its significance in a disease process remains to be verified in an appropriate model, such as that of diabetic nephropathy.
DISCUSSION
Chemokine receptor Cxcr4 is historically known for its role in neural and immune system development as well as trafficking/homing of the bone marrow-derived immune and precursor cells (8) . Cxcr4 is ubiquitously expressed. Overexpression of Cxcr4 has been linked to increased tumor progression by promoting dedifferentiation of epithelia (2, 10, 12, 32) . Besides basal transcriptional regulation by nuclear respiratory factor-1 (58), Cxcr4 can be induced by a number of signaling molecules. These include cytokines IL-2, IL-4, IL-10, and TGF-␤ 1 and by growth factors such as basic FGF, VEGF, and EGF (26, 38, 62, 80) . On the other hand, inflammatory cytokines, such as IL-1␤, interferon-␥, and TNF-␣, all can attenuate Cxcr4 expression (28, 31, 60) . Most of these molecules are highly upregulated in an injured kidney and can affect Cxcr4 expression in a cell-specific and temporal fashion. For example, hypoxia, which occurs in an injured kidney after small vessel rarefaction, induces Cxcr4 gene expression in various cell types, such as monocytes, monocyte-derived macrophages, endothelial cells, and cancer cells (63) . Hyperexpression of Cxcr4 in multiple models of lupus nephritis positively correlates with the progression of lupus (79) . More recently, Ding and coworkers (19) reported that chronic injury to the liver (by repeated carbon tetrachloride injection and bile duct ligation) augmented Cxcr4 expression in liver sinusoidal endothelial cells, and this enforces a source of the profibrotic response. Increased Cxcr4 expression is also seen in tubular segments after renal ischemia-reperfusion injury (73, 91) . Intense Cxcr4 staining can be observed in tubular segments of human biopsies of IgA nephropathy, minimal-change nephrotic syndrome, focal segmental glomerulosclerosis, membranoproliferative glomerulonephritis, chronic pyelonephritis, and acute tubular necrosis (50), but its significance has not been well studied. Cxcr4 is also highly upregulated on monocytes, neutrophils, B cell subsets, and plasma cells in multiple murine models of lupus with active nephritis (79) . Thus, there is an association of increased Cxcr4 expression with a chronic inflammatory or injury state.
In the present study, we demonstrated a gradual increase in Cxcr4 expression in tubular and CD45 ϩ cells after UUO. Antagonizing Cxcr4 in vivo by AMD attenuated the fibrotic response to UUO, thereby demonstrating a pathological consequence to the sustained increase in Cxcr4 expression in the kidney. Similar to what is known in certain tumor cells, overexpression of Cxcr4 in proximal tubular cells led to a spontaneous loss of E-cadherin. However, unlike tumors, there was no gain of mesenchymal markers. In vivo, loss of Ecadherin in tubules of UUO kidney had a mosaic pattern. Although this may suggest a partial dedifferentiation due to a chronic increase of Cxcr4 expression in tubular cells, since we could not costain for E-cadherin and Cxcr4, such a conclusion would be speculative. However, the fact that tubular cells from UUO TKO kidneys expressed less PDGF-␣, TGF-␤ 1 , etc. supports the idea that increased Cxcr4 can lead to a partial dedifferentiated state of tubular cells in vivo, leading to the secretion of cytokines (etc.) that could further affect the interstitial homeostasis. This was also supported by the loss of Bmp7 expression in the presence of increased Cxcr4, both in vitro and in vivo.
The lower ␣-SMA and TGF-␤ 1 expression in UUO kidneys of AMD-treated and TKO groups suggests a significant role of tubular Cxcr4 signaling in myofibroblast activation, i.e., reduced proliferation and/or muted fibroblast activation. Activated myofibroblasts are a major source of matrix deposition in the fibrotic kidney as well as in other organs (4, 11, 45, 84, 88) . Both AMD and selective ablation of Cxcr4 in tubules led to reduced collagen deposition. Consistent with the reduced tubular injury in UUO kidneys of AMD-treated mice, there was a reduced inflammatory response, as judged by mRNA levels of both proinflammatory (IL-1␤, TNF-␣, and IL-6) and antiinflammatory (Mrc1 and IL-10) markers. Since IL-10 is known to induce Cxcr4 expression (38) , reduced IL-10 could further contribute by reducing Cxcr4 expression on IL-10 receptorpositive cells. These results are further supported by a recent study demonstrating a protective effect of AMD on tubular injury, after ischemia-reperfusion, that eventually led to a reduced long-term fibrotic response as well (91) .
The cumulative increase in macrophage Cxcr4 expression may reflect the changing milieu within the obstructed kidney such that there is increased hypoxia, TGF-␤ 1 , IL-10, and IL-4, all of which can augment Cxcr4 expression (8) . The partial inhibition of macrophage infiltration (into a UUO kidney) by AMD is likely due the presence of another major macrophage chemoattractant, monocyte chemotactic protein-1, which is upregulated after UUO and only modestly decreased by Cxcr4 antagonist. Selective ablation of Cxcr4 in macrophages too led to only a modest ϳ23% decrease in the number of macrophages homing to the obstructed kidney while still providing a significant protection against fibrosis. This raises the possibil- ity that such a modest decrease in trafficking of macrophages may be enough to achieve significant beneficial effects. Alternatively, this suggests an additional role of Cxcr4 in the macrophage-mediated fibrotic response.
Profibrotic (M2) macrophages derived from human peripheral blood show ϳ16-fold greater Cxcr4 expression (54) , but its significance is not known. Historically, at least in rodents, these alternately activated (M2) macrophages have been associated with tissue repair, such as repair after an acute kidney injury (35, 46) . However, a prolonged presence of these prorepair macrophages can promote fibrosis (21, 22, 33, 42, 77) . Cxcr4 signaling activates multiple signaling pathways that are dependent on G i proteins, such as PI3K, eventually leading to regulation of gene transcription, cell adhesion, and cell migration (7, 8) . However, G protein-independent signaling via activation of JAK/STAT too has been proposed (78) . Consistent with these findings, we determined that stimulation of Cxcr4 in naïve bone marrow-derived macrophages activated multiple STAT and NF-B pathways (Fig. 8) . These signaling pathways play important roles in macrophage activation toward pro-and anti-inflammatory states (30, 44, 65, 71) . We had hypothesized that increased Cxcr4 expression on macrophages will promote a profibrotic phenotype. However, our data demonstrate that Cxcr4 signaling can modulate macrophage activation and drive both pro-and anti-inflammatory phenotypes. However, since we did not FACS sort macrophages based on their level of Cxcr4 expression, it is conceivable that in our experiments, we had a mixed population of high and low Cxcr4-expressing macrophages. Thus, we cannot conclude that increased Cxcr4 on macrophages favors their profibrotic phenotype, as was hypothesized. However, identifying the specific pathway promoting fibrosis is beyond the scope of the present study and requires further detailed studies. Two recent studies (52, 64) have demonstrated antifibrotic effects of Cxcr4 antagonist in bleomycin-and radiation-induced lung fibrosis. The two studies listed fibrocytes and bone marrow-derived mesenchymal cells, respectively, as the potential effectors carrying fibrotic signals in the lung, thus further highlighting that Cxcr4 can modulate fibrotic effects via multiple effectors.
In summary, this study demonstrates that after injury, Cxcr4 expression is upregulated in multiple cell types, which influences their biology and thereby contributes to the progression of fibrosis. In the tubular cell compartment, it promotes a partially dedifferentiated phenotype promoting the secretion of cytokines, etc., and in macrophages it impacts their trafficking and activation state. Activation of Cxcr4 in bone marrowderived macrophages activates multiple STAT and NF-B pathways that are known to regulate macrophage activation. Which specific signaling pathways might be involved in Cxcr4-mediated divergent effects remain to be determined. The fact that Cxcr4 signaling can regulate Bmp7, PDGF-␣, and TGF-␤ 1 expression is a novel finding and uncovers a new pathway. Identifying more downstream targets of Cxcr4 signaling in multiple effector cell types opens new avenues for therapeutic intervention in fibrosis. One also needs to keep in mind that Cxcr4 signaling may contribute to regenerative pathways too and may thus be an important protective signal, as has been recently demonstrated (14) . Thus, an important next step would be to demonstrate the significance of this pathway in the setting of CKD, such as diabetic nephropathy.
